The deformation mechanism of nanocrystalline Ni ͑with grain sizes in the range of 30-100 nm͒ at ultrahigh strain rates ͑Ͼ10 7 s −1 ͒ was investigated. A laser-driven compression process was applied to achieve high pressures ͑20-70 GPa͒ on nanosecond timescales and thus induce high-strain-rate deformation in the nanocrystalline Ni. Postmortem transmission electron microscopy examinations revealed that the nanocrystalline structures survive the shock deformation, and that dislocation activity is a prevalent deformation mechanism for the grain sizes studied. No deformation twinning was observed even at stresses more than twice the threshold for twin formation in micron-sized polycrystals. These results agree qualitatively with molecular dynamics simulations and suggest that twinning is a difficult event in nanocrystalline Ni under shock-loading conditions.
The current understanding of atomic-scale deformation mechanisms in nanocrystalline ͑nc͒ metals relies heavily on molecular dynamics ͑MD͒ simulations. Due to the short time and length scales necessitated by these simulations, they are generally conducted at strain rates Ͼ10 7 s −1 , 1-3 much higher than typical experimental ones ͑Ͻ10 4 s −1 ͒. 4, 5 Such ultrahigh strain rate deformation can be experimentally realized through high-pressure shocks, but has never been applied to nanocrystalline materials before. Recent atomistic simulations 6 indicate that, under shock-loading conditions, the flow stress of nc Cu reaches extremely high values due to kinetic limitations on grain-boundary sliding. Shock-loading provides not only very high deformation rates ͑Ͼ10 7 s −1 ͒, but also a unique combination of high hydrostatic pressure and shear stress in the shocked material. It is speculated that other deformation mechanisms may arise in nc materials under such extreme deformation conditions. The purpose of this letter is to investigate these deformation mechanisms using a model material, nanocrystalline nickel ͑with grain sizes of 30-100 nm͒, subjected to shock pressures of GPa.
There are a number of shock experiments reported for coarse-grained polycrystalline Ni with grain sizes down to 25 m. [7] [8] [9] Recovered shock-loaded samples exhibit dislocation cells at pressures below 30 GPa, with stacking faults and twins forming above this threshold pressure; 9 these microstructural features have been found to harden the recovered materials. We are not aware of similar experiments on nc samples to date. To achieve high strain rates Ͼ10 7 s −1 , we have adopted a recently developed technique using highpower lasers at the Omega and Janus Laser facilities in Rochester, NY and Livermore, CA, respectively. 10 The electrodeposited nc Ni used in the experiments came from two sources: ͑1͒ Samples with grain sizes in the range of 30-50 nm were purchased from Goodfellow Inc.; and ͑2͒ we also electrodeposited Ni samples at several other grain sizes, 30-100 nm. 11 The reported grain sizes were measured through extensive plan-view transmission electron microscopy ͑TEM͒ examinations of the as-prepared materials. In cross-sectional TEM views, both samples showed slightly elongated grains with an average aspect ratio of about 2.5 ͑Fig. 1͒. Such a columnar grain structure is not surprising, 11, 12 in light of the relevant electrodeposition mechanisms and the relatively large thicknesses of the current samples ͑300 m͒. 5, 11, 12 The Goodfellow samples were glued to a 3 mm thick Cu substrate for shock-loading experiments. There is an elongated grain structure along the thickness direction with an aspect ratio of about 2.5. The amorphous like structure seen in low right corner is the platinum coating applied to protect the surface of TEM samples during FIB processing.
The extreme conditions associated with laser-loading generate a complex loading path, which leads to heating, possible surface melting, and extensive plastic deformation, such that a crater is created at the place where the loading is applied. The issue of heating is important for its implications on microstructural stability: Grain growth is known to occur in nc Ni at temperatures as low as 200°C after 1 h annealing. 13 Our computational results using hydrodynamic codes 14 indicate that the temperature rise in bulk microcrystalline Ni would be less than 300 K and would only last for a period of a few microseconds, given a shock pressure of 40 GPa. Such a short-time temperature increase is not expected to induce significant grain growth in our shocked samples. Figure 2͑a͒ illustrates an Ambios white-light profilometry image of a shock crater in nc nickel after a peak loading pressure of ϳ20 GPa; the crater is roughly the size of the laser spot ͑ϳ1 mm 2 ͒. 14 Near the center of the spot, the loading during the shock is very close to uniaxial, and Hugoniot data predict ϳ8% strain at 20 GPa and ϳ13% at 40 GPa. These strains are much larger than those usually supported by nc Ni under uniaxial tensile loading condition. 4, 5 Shown in Fig. 2͑b͒ is a cross-sectional transmission electron micrograph of an nc Ni sample loaded at ϳ20 GPa, which reveals an unexpected thin layer of amorphous structure on the sample surface. The thickness of this amorphous layer, as measured by high-resolution TEM ͑HRTEM͒, is about 10-20 nm. Energy dispersive x-ray spectroscopy analysis indicates that there is a very high oxygen ͑12 at. %͒ and carbon ͑8 at. %͒ content inside this amorphous layer, likely picked up from a nearby polymer reservoir that is part of the shock-loading system; upon shock, the polymer is released to cross a vacuum gap to the sample surface. 10 These impurities, together with extremely fast cooling rates ͑ϳ10 5-7 K/s͒ after shock loading, apparently caused the amorphization of nc nickel at the specimen surface. Beneath the thin layer of contaminated, amorphous material, however, our TEM examinations confirmed that the structure remained nanocrystalline.
To precisely locate the uniaxial deformation region of the greatest interest to this work, we used a dual-beam focused ion beam ͑FIB͒ to prepare cross-sectional TEM samples from the region 50-150 m beneath the shock surface, in the center of the original crater. Because FIB processing may induce artifacts into TEM samples, 15 we also prepared some TEM specimens by electropolishing and found no obvious microstructural differences between these two batches of samples. Although there is a small gradient in the applied pressure with depth from the shock surface, no significant differences could be detected in the microstructure to a depth of 150 m. Figure 3 shows cross-sectional TEM micrographs of Goodfellow nc Ni samples ͑initial grain size ϳ30-50 nm͒ after shock loading at 20 and 40 GPa, respectively. The TEM samples were taken from the same depth, i.e., 150 m beneath the shock surface. At both shock pressures, a high density of dislocations was observed, indicating that dislocation generation and motion contribute to plastic deformation in nc nickel under these conditions. No trace of deformation twinning was observed in any of our TEM samples, even for the larger grain sizes of 50-70 nm and a higher shock pressure of ϳ70 GPa. With increasing shock pressures ͑from 20 to 40 GPa͒, the dislocation density observed in the deformed microstructure increased, similarly to the trends seen in shocked microcrystalline samples. 8, 9 Because of significant tangling and overlapping of dislocations, quantitative measurement of the dislocation density in the recovered samples is challenging. From the dark-field images such as the one shown in the inset of Fig. 3͑b͒ , the dislocation density is estimated to be ϳ10 16 m 2 in the 40 GPa shocked sample. This is remarkably high, considering that quasi-static experiments of nc materials reveal dislocations only during in situ straining, 16, 17 and dislocation debris is not typically detected after deformation ceases. 17 The dislocation density found in MD simulations of shocked nc materials 6 is about one order of magnitude higher than that estimated from the present TEM investigations, which is reasonable given that some dislocations disappear through recovery processes ͑due to the heat evolution upon loading and stress relaxation upon unloading͒. 18 Assuming a Hall-Petch-type scaling for the twinning threshold stress, 19 the shock pressure for deformation twinning to occur in nanocrystalline Ni is expected to be higher than 30 GPa. 9 We did not observe twins up to our highest loading pressure ͑70 GPa͒ in any nc Ni sample. This result is somewhat surprising but compares well with MD simulations for 5-200 GPa shock pressures, where abundant dislocations were generated from grain boundaries to accommodate the large shock-induced strains, while deformation twinning was negligible for grain sizes larger than 20 nm. 6 Our results seem to be in contrast to recent observations of deformation twinning in nc Cu subjected to low strain-rate torsional loading under high pressures, 20 although the present experiments access much lower levels of applied shear strain. In more comparable shock experiments on Cu, the twinning threshold is 10-15 GPa for grain sizes Ͼ100 m, but no twins are observed for 9 m grains at 35 GPa. 18 This is consistent with the trend we have observed here.
We also measured the Vickers hardness of our samples before and after the shocks. The crater surface, where there is melting, contamination with impurities, amorphization, and high-temperature recovery, typically shows a small hardness decrease. Measurements on the cross section, starting 50 m below the surface, however, show a relative hardness increase of 5-30% after the shock in all cases. This increased hardness is consistent with the stored dislocation density seen in Fig. 3 . Since nc metals generally do not work harden under quasi-static loading, shock-induced hardening of nc metals could represent a surface treatment technology with relevance in multiple applications.
In summary, we report unique deformation behavior of nanocrystalline nickel at ultrahigh strain rates ͑Ͼ10 7 s −1 ͒, achieved through laser-shock-loading experiments ͑20-70 GPa shock pressures͒. TEM analysis indicates that the materials remain nc after shock loading, and that dislocation mechanisms operate at shock pressures of 20-70 GPa and grain sizes above 30 nm. Recent atomistic simulations 6 showed that nc materials are harder during shock loading, and here, we confirm this prediction through experiment. The increased hardness after shock loading is likely due to the increased dislocation density, as observed in TEM. Additional studies exploring the grain size dependence of shockinduced plasticity are in progress and may offer a more legitimate comparison between experiments and simulations at the same strain rates. 
